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Abstract
Livestock farming is theworld’s largest land use sector and utilizes around 60%of the global biomass
harvest. Over the coming decades, climate changewill affect the natural resource base of livestock
production, especially the productivity of rangeland and feed crops. Based on a comprehensive impact
modeling chain, we assess implications of different climate projections for agricultural production
costs and land use change and explore the effectiveness of livestock system transitions as an adaptation
strategy. Simulated climate impacts on crop yields and rangeland productivity generate adaptation
costs amounting to 3%of total agricultural production costs in 2045 (i.e. 145 billionUS$). Shifts in
livestock production towardsmixed crop-livestock systems represent a resource- and cost-efﬁcient
adaptation option, reducing agricultural adaptation costs to 0.3%of total production costs and
simultaneously abating deforestation by about 76million ha globally. The relatively positive climate
impacts on grass yields comparedwith crop yields favor grazing systems inter alia in SouthAsia and
NorthAmerica. Incomplete transitions in production systems already have a strong adaptive and cost
reducing effect: a 50% shift tomixed systems lowers agricultural adaptation costs to 0.8%.General
responses of production costs to system transitions are robust across different global climate and crop
models as well as regarding assumptions onCO2 fertilization, but simulated values show a large
variation. In the face of these uncertainties, public policy support for transforming livestock
production systems provides an important lever to improve agricultural resourcemanagement and
lower adaptation costs, possibly even contributing to emission reduction.
1. Introduction
Livestock production constitutes a signiﬁcant inter-
ference with many Earth system processes. In the
courses of providing on average 17% of food calories
and more than a third of protein to human diets
(Herrero et al 2009), livestock is consuming almost
60% of the global biomass harvest (Krausmann
et al 2008), using around 30% of agricultural water
withdrawals (Peden et al 2007, Mekonnen and
Hoekstra 2010), and dominating the agricultural
nitrogen cycle (Bodirsky et al 2012, 2014, Bouwman
et al 2013). Moreover, the livestock sector is held
responsible for about 12%–18% of all anthropogenic
greenhouse gas (GHG) emissions (Steinfeld
et al 2006, Westhoek et al 2011). While being
associated with many critical environmental
impacts, livestock reduces vulnerability to environ-
mental risks for 600 million poor smallholder farm-
ers (Steinfeld et al 2006, Thornton and
Herrero 2010) and provides livelihoods as well as
many other services beyond food production such as
traction and nutrients (Steinfeld et al 2006, Herrero
et al 2009). Especially for many poor and under-
nourished people in the developing world, livestock
products are crucial for protein supply.
OPEN ACCESS
RECEIVED
19 February 2015
REVISED
28August 2015
ACCEPTED FOR PUBLICATION
1 September 2015
PUBLISHED
16 September 2015
Content from this work
may be used under the
terms of theCreative
CommonsAttribution 3.0
licence.
Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.
© 2015 IOPPublishing Ltd
Livestock is thus intertwined with many aspects
of the challenge to sustainably feed a growing world
population and achieve a balance between liveli-
hoods, food security and the environment (Herrero
and Thornton 2013). Being the world’s largest user
of land and biomass and at the same time an impor-
tant risk management strategy for vulnerable com-
munities (Herrero et al 2009), livestock is at the
center of the discourse on climate change and agri-
culture. Recent work reveals large potentials to abate
GHG emissions in the livestock sector, amongst oth-
ers by reducing livestock product consumption
(Stehfest et al 2009, Popp et al 2010), shifts in pro-
duction systems and improved management
(Thornton and Herrero 2010, Havlík et al 2013,
2014, Smith et al 2013, Valin et al 2013, Cohn
et al 2014). However, impacts of climate change on
the livestock sector have hitherto been analyzed in a
comparably integrated approach only by Havlík et al
(2015). As most studies on climate change impacts
and agriculture so far have focussed on the crop sec-
tor (Schlenker and Lobell 2010, Müller et al 2011,
Leclère et al 2014, Nelson et al 2014a), there are still
large gaps in knowledge of how climate change could
affect livestock production and how a transforma-
tion of livestock production systems (LPS) could
contribute to a climate-smart agriculture.
There are several ways in which livestock pro-
duction will be inﬂuenced by a changing climate,
such as changes in the productivity of rangelands
and yields of feed crops (Thornton and Gerber 2010,
Ghahramani and Moore 2013). Moreover, heat
stress directly impairs production (meat, milk and
egg yield and quality) and reproductive performance
as well as animal health and welfare (Thornton
et al 2009, Nardone et al 2010, Gaughan 2012, Lara
and Rostagno 2013). One key entry point into the
complex livestock-climate-nexus is the substantial
heterogeneity of feed conversion efﬁciencies (pro-
duct output per feed input) across different LPS. Not
only is the overall resource use intensity affected by
shifts in LPS, but also the feed basket composition,
i.e. concentrates from cropland, roughage from ran-
gelands or crop residues as by-products (Herrero
et al 2013). Bothmechanisms can absorb detrimental
impacts of climate change on the natural resources
base, where the latter can exploit the potentially
diverging impacts of climate change on different
crops as well as on cropland and pasture productiv-
ity. At the same time, structural changes like a transi-
tion from grazing to mixed crop-livestock systems
may also positively affect the resource footprint of
livestock, deforestation rates and GHG emissions
(Herrero et al 2010b, 2013, Havlík et al 2014).
In this study, we quantify the impacts of a chan-
ging climate on the agricultural sector and explore the
adaptive potential of LPS transitions, based on a com-
prehensive impact modeling chain. Hereby, we ana-
lyze direct climate impacts on cropland and pasture
productivity as well as secondary impacts such as
changes in land-use dynamics (i.e. deforestation) and
agricultural production costs. By contrasting effects of
different LPS transition pathways, we provide insights
into how related changes in feed conversion efﬁ-
ciencies and feed baskets may buffer or amplify sec-
ondary climate impacts in the light of the changing
availability of natural resources and identify regionally
speciﬁc adaptation strategies in the livestock sector.
2.Methods and data
2.1.Modeling framework
We assess the biophysical response of agricultural
crops and rangelands to a changing climate at a spatial
resolution of 0.5×0.5 geographic degrees, using the
Lund-Potsdam-Jena dynamic global vegetationmodel
withmanaged Land (LPJmL) (Bondeau et al 2007, Rost
et al 2008, Waha et al 2012, Müller and Robert-
son 2014). LPJmL simulates growth, production and
phenology of 9 plant functional types (representing
natural vegetation at the level of biomes (Sitch
et al 2003)) and of 12 crop functional types (SI
appendix, tables S3(a)–(f)) as well as managed grass,
ensuring global balances of carbon and water ﬂuxes
and explicitly accounting for the photosynthesis path-
way (C3 versus C4 plants). The photosynthetic pro-
cesses are modeled according to Farquhar et al (1980)
andCollatz et al (1992). Yield simulations are based on
various process-based implementations as described
in more detail by Bondeau et al (2007) and Waha et al
(2012). Harvesting of crops occurs on completion of
the phenological cycle (maturity), while grassland is
harvested at least once a year (up to several times a
year) as soon as the phenological leaf development is
completed and a minimum above-ground biomass
threshold of 100 gC/m2 has been reached (see SI
appendix for more details). The LPJmL model repre-
sents both C3 and C4 grasses, with distinct photosyn-
thetic pathways (Sitch et al 2003). Up to annual mean
temperatures of 15.5 °C, C3 grasses establish, at or
above 15.5 °C C4 grasses establish, which also allows
formixed composition.
The impacts of climate change and shifts in LPS on
agricultural land use and production costs are
explored with the Model of Agricultural Production
and its Impact on the Environment (MAgPIE) (Lotze-
Campen et al 2008, Bodirsky et al 2012, 2014, Popp
et al 2014, 2010), a spatially explicit global land-use
allocation model. By minimizing a nonlinear global
cost function for each time step, the model fulﬁls
demand for food, feed and material for 10 world
regions (table 1, ﬁgure S2). The model represents key
human-environment interactions in the agricultural
sector by combining socio-economic regional infor-
mation with spatially explicit data on biophysical con-
straints provided by LPJmL (i.e. pasture productivity,
crop yields under rainfed and irrigated conditions,
2
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
related irrigation water demand per crop, water avail-
ability) and land availability (Krause et al 2013).
Region-speciﬁc costs associated with different farming
activities are derived from the GTAP database (Nar-
ayanan and Walmsley 2008). In view of the involved
production costs and resource availability, MAgPIE
optimizes land use patterns and simulates major
dynamics of the agricultural sector like land use
change (including deforestation, abandonment of
agricultural land and conversion between cropland
and pastures), investments into research and develop-
ment (R&D) and associated yield increases, inter-
regional trade ﬂows, and irrigation (see SI appendix
formore details).
Livestock products are represented by six cate-
gories: beef, sheep and goat meat, pork, chicken,
eggs, and milk. These commodities are produced in
eight different LPS according to the updated Inter-
national Livestock Research Institute/FAO classiﬁ-
cation (Robinson et al 2011, Herrero et al 2013):
three rangeland-based systems (LG), and three
mixed crop-livestock systems (MX), which are the
aggregate of the mixed rainfed systems (MR) and
mixed irrigated systems (MI) of the original FAO
nomenclature, an industrial system, and a small-
holder system. LG and MX systems are further dif-
ferentiated by agroecological zones (arid and
semiarid; humid and semihumid; tropical highlands
and temperate). Pork, chicken, and eggs are only
produced in industrial and smallholder systems,
whereas ruminant meat and milk are mainly pro-
duced in rangeland-based and mixed systems. The
parameterization of the different LPS, especially
total feed efﬁciencies and the composition of feed
baskets, relies on the dataset presented by Herrero
et al (2013) and is consistent with FAO statistics
regarding livestock production, animal numbers,
and livestock productivity.
2.2. Scenario deﬁnition
The analysis presented here is based on the reference
scenario of the International Assessment of Agricul-
tural Science and Technology for Development
(IAASTD) (McIntyre et al 2009) which was developed
applying several models like the IMPACT agriculture-
economy model (Rosegrant et al 2002) and the
Integrated Model to Assess the Global Environment
(IMAGE) (Bouwman et al 2006). The underlying
climate patterns of the IAASTD scenario (SI appendix,
ﬁgure S1) deﬁne our central climate scenario which is
provided by the IMAGE group (van Vuuren
et al 2007). Acknowledging the uncertainty involved in
simulating future climate conditions, we test the
sensitivity of our results to other climate projections
for the A2 SRES scenario, based on 5 different general
circulation models (GCMs) (i.e. CCSM3 (Collins
et al 2006), ECHAM5 (Jungclaus et al 2006), ECHO-G
(Min et al 2005), GFDL (Delworth et al 2006), and
HadCM3 (Cox et al 1999); see SI appendix for more
details).
Moreover, we address another important aspect of
uncertainty: the effectiveness of CO2 fertilization, i.e.
the potential of atmospheric CO2 to stimulate net
photosynthesis in C3 plants by increasing the CO2
concentration gradient between air and the leaf inter-
ior, and improved water use efﬁciency of all crops and
grasses due to stomatal closure. Whether and how
CO2 fertilization is accounted for in global gridded
crop models (GGCMs) substantially inﬂuences simu-
lated climate impacts on agriculture (Rosenzweig
et al 2013). Thus, we perform a sensitivity analysis by
simulating yield responses over time both with the full
CO2 effect as implemented in LPJmL (i.e. direct CO2
fertilization, indirect CO2 fertilization via reduced sto-
matal conductance, no down-regulation or feedbacks
via nutrient dynamics, no effects on pests and diseases)
andwith static atmospheric CO2 concentrations of the
year 2000 (370 ppm) for all scenarios and climate pro-
jections. Due to large variations of simulated climate
impacts on crop yields among GGCMs (Asseng
et al 2013, Rosenzweig et al 2013, Müller and Robert-
son 2014), we also test the sensitivity of our results to
the choice of crop growth model by using alternative
crop yield simulations derived by EPIC (Wil-
liams 1995, Izaurralde et al 2006) and pDSSAT (Jones
et al 2003).
Throughout the paper, the base year 2005 and the
ﬁnal year 2045 of the simulation period represent 10-
year averages, in terms of climate and yield changes as
well as all other outputs.
To explore impacts of climate change on agri-
culture and the adaptive potential of two different
LPS transitions, we conduct a scenario analysis with
MAgPIE (see table 2 for an overview of the scenario
setting). In all scenarios, regional food and material
demand as well as international trade in agricultural
commodities is harmonized with the reference case
of the IAASTD (McIntyre et al 2009) (SI appendix,
table S1). In the baseline, climate conditions are kept
constant at 2005 levels and the regional composition
of LPS is parametrized over time following projected
rates of growth in different LPS 2000–2030 accord-
ing to Herrero et al (2010a) which are also based on
Table 1. Socio-economic regions inMAgPIE.
Regional acronyms MAgPIE regions
AFR Sub-Sahara Africa
CPA Centrally PlannedAsia (incl. China)
EUR Europe (incl. Turkey)
FSU Former Soviet Union
LAM LatinAmerica
MEA Middle East andNorthAfrica
NAM NorthAmerica
PAO PaciﬁcOECD (Australia, Japan andNew
Zealand)
PAS Paciﬁc Asia
SAS SouthAsia (incl. India)
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the reference scenario of the IAASTD. Adaptation
costs are calculated as the difference in total agri-
cultural production costs between the baseline run
and scenarios accounting for climate change
impacts. These costs reﬂect the sum of additional
expenses needed to counterbalance the changes in
land productivity, i.e. higher investments into R&D
and land conversion, and increasing factor inputs.
The LPS transition scenarios described below focus
on shifts in ruminant meat and milk production,
since ruminants account for the largest share in agri-
cultural land use and are crucial for land use changes
between cropland and rangeland. We design stylized
LPS transition scenarios with full system con-
vergence until 2045 to unravel their complete
potential to alter agricultural land use and produc-
tion costs, especially in comparison to climate
change impacts.
3. Results
3.1. Climate impacts on crop and rangeland
productivity
According to the IAASTD climate scenario, large parts
of SAS, AFR, NAM and FSU becomewarmer by 1.8 °C
or more (SI appendix, ﬁgure S1). Precipitation
declines by 25%–50% in parts of MEA, AFR, SAS,
PAO, and LAM. Many other regions, especially in the
Northern Hemisphere, experience an increase in
precipitation. Under constant CO2 levels, yields of
Table 2.Overview of the scenario setting.
Scenario Description
Baseline World population increases to 8.9 billion people and average per capita food demand to 3 447 kcal per day in 2045,
consistent with the reference case of the IAASTD (McIntyre et al 2009). The regional composition of LPS changes
gradually over time according toHerrero et al (2010a). Climate conditions are kept constant at 2005 levels.
Climate_impact In addition to ‘Baseline’ conditions, climate effects on yields, based on the IAASTD climate scenario (vanVuuren
et al 2007), are taken into account. Globalmean temperature increases by 1.1 °C from2005 to 2045.
Shift_to_rangeland In addition to ‘Climate_impact’ conditions, production of ruminantmeat andmilk is gradually shifted towards
rangeland-based systems, with full convergence until 2045.
Shift_to_mixed In addition to ‘Climate_impact’ conditions, production of ruminantmeat andmilk is gradually shifted towards
mixed systems, with full convergence until 2045.
Figure 1.Climate impacts onmaize yields (a) and rangeland productivity (b) by 2045 for the IAASTD climate scenario (percent
change from2005, simulatedwith the LPJmLmodel, noCO2 effect; formaize: no adaptation in cropping period or varieties, area-
weightedmean of rain-fed and irrigated; for rangeland: no nutrient limitations, adaptive harvest cycles). Results with full CO2 effect
are given inﬁgure S7 (SI appendix).
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maize, one of the most important feed crops, tend to
increase in most temperate zones, owing to alleviated
temperature limitations (ﬁgure 1(a)). However,
declining yields are simulated in parts of NAM, FSU,
and CPA, where precipitation also decreases. In most
tropical zones, maize yields are negatively affected,
reﬂecting faster phenological development (White
et al 2011) and lower precipitation during the growing
period. Rising yields can be observed in some parts of
AFR and LAM. The strongest average regional
decreases occur in SAS (−9%) and in PAS (−7%) (SI
appendix, table S3(a)). Under elevated atmospheric
CO2 concentrations, negative effects on maize yields
occur in few aggregated regions, namely PAS and SAS
(SI appendix, ﬁgure S7(a) and table S3(a)).
Grass yields decrease by 2% at the global area-
weighted average for simulations assuming constant
CO2 levels. The strongest negative effects are visible in
PAO (mainly Australia) and in MEA (−11% and
−28% respectively), while grass yields rise in FSU and
CPA. Figure 1(b) shows strong negative sub-regional
effects (e.g. Sahel) as well as strong positive ones (e.g.
East Africa) in all ten world regions, mainly reﬂecting
changes in precipitation patterns. Under elevated CO2
levels, the productivity of grassland rises by 14% at the
global scale, while the regional signals range from 1%
in PAS to 42% in FSU. Sub-regional patterns empha-
size the beneﬁcial effect of CO2 fertilization on grass-
land productivity in moisture-limited areas (SI
appendix, ﬁgure S7(b)).
We assess the sensitivity of our simulations to
other climate projections for the SRES A2 emission
scenario (Nakicenovic and Swart 2000), derived by 5
different GCMs (SI appendix, tables S3(b)–S3(f)).
Resulting differences in yield projections mainly
reﬂect differences between GCMs regarding simulated
precipitation patterns (SI appendix, ﬁgures S9–S13).
For maize, there is relatively good agreement across
the GCMs in most regions, except in NAM, EUR and
parts of FSU. For grass, projected yield impacts coin-
cide only in MEA, PAS, and parts of AFR. In all other
regions, strong differences can be observed between
the GCMs. With full CO2 fertilization, the differences
acrossGCMs aremuch less pronounced.
3.2. Changes in cropland, rangeland, and intact
forest
In the baseline, global cropland increases by 165
million ha between 2005 and 2045 (ﬁgure 2(a)). Crop-
land expansion is even larger in the ‘climate_impact’
scenario (197 and 213 million ha under constant and
elevated CO2 levels respectively) and the ‘shift_to_
mixed’ scenario (222 and 207 million ha), while being
smaller in the ‘shift_to_rangeland’ scenario (127 and
122million ha). For all scenarios based on the IAASTD
climate projection (independent to assumptions
regarding CO2 fertilization), changes in cropland area
agree in sign in all regions except in MEA, being
positive for most regions and negative for CPA and
SAS. Regional cropland mostly increases at the
expense of rangeland. In contrast, both cropland and
rangeland are expanded into forest in LAM and PAS
(ﬁgure 2(c)), where vast areas of potentially productive
land are currently under intact forest (see SI appendix
for deﬁnition).
Results for the LPS transition scenarios reﬂect dif-
ferences in feed conversion efﬁciencies and the relative
shares of concentrates and roughage within feed bas-
kets. In the ‘shift_to_rangeland’ scenario, changes in
cropland areas are smaller than in the ‘climate_
impact’ scenario in most regions (−70 and −91 mil-
lion ha globally under constant and elevated CO2
levels respectively), except inNAM, EUR, and PAO. In
NAM, feed conversion efﬁciencies are higher in range-
land-based systems than in mixed systems (SI
appendix, ﬁgures S5–S6) (Herrero et al 2013). Hence,
rangeland can be converted into cropland and R&D
investments can be reduced (SI appendix, ﬁgure S15).
In contrast, additional 169 million ha (252 million ha
with CO2 effect) are converted from intact forests into
rangeland in LAM, due to much lower feeding efﬁ-
ciencies in rangeland-based systems (ﬁgure 2(c)). In
the ‘shift_to_mixed’ scenario, more cropland is used
in most regions apart from e.g. PAS and SAS, while
rangeland is reduced by 90 million ha (21 million ha
under elevated CO2 levels). Deforestation in LAM is
strongly reduced, compared to both the baseline and
‘climate_impact’ scenario and irrespective of assump-
tions concerning CO2 fertilization. Required techno-
logical change rates are lower in most regions and
deforestation is abated by about 76 million ha globally
(27million hawithCO2 effect).
Results are sensitive to the choice of climate pro-
jection and assumptions about CO2 fertilization,
where cropland simulations in AFR, FSU and LAM
show a particularly wide range of uncertainty. More-
over, sign and magnitude of secondary climate
impacts on rangeland and intact forest are strongly
inﬂuenced by underlying climate projections and the
effectiveness of CO2 fertilization. Overall dynamics of
the LPS transition scenarios (relative to the respective
‘climate_impact’ simulations) are in most cases unaf-
fected by the uncertainty in climate change impacts on
agriculture (ﬁgure 2), but the magnitude of effects
depends on assumptions regarding CO2 fertilization.
Including the full CO2 effect leads in most regions to a
further decrease in rangeland and expansion of crop-
land, compared to the baseline. In LAM, however,
expansion of both cropland and rangeland is reduced,
also slowing down deforestation.
3.3. Changes in global and regional agricultural
production costs
In the ‘climate_impact’ scenario, global agricultural
production costs increase by about 3% relative to the
baseline in 2045 due to negative climate impacts
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(ﬁgure 3), which is equivalent to 145 billion US$. In
MEA, agricultural production costs rise by about 16%,
in SAS by 9%, in LAM by 5%, and in AFR by 2%. In
CPA, by contrast, production costs drop due to
climate impacts by about 3%. In the ‘shift_to_range-
land’ scenario, global agricultural production costs
increase much more, by about 14%, while a transition
towards mixed systems almost completely offsets
detrimental climate impacts. In all regions except PAS,
at least one of the considered shifts in LPS is not only
suited to counterbalance the additional production
costs caused by climate change, but also to reduce costs
beyond the baseline level. In PAS however, where
smallholder systems with relatively high feed conver-
sion efﬁciencies dominate ruminant livestock produc-
tion, both LPS transition scenarios covered here are
detrimental compared to the reference setting.
Regional results are sensitive to uncertainties in
climate projections. Even the sign of change in regio-
nal production costs may differ between different
GCM inputs (ﬁgure 3). However, global production
costs are less sensitive, as counteracting regional sig-
nals partly cancel each other out. Moreover, the obser-
vation that shifts in LPS offer the potential to alleviate
climate change related costs in all regions (except
PAS), is valid for all considered climate projections.
We have also tested the sensitivity of agricultural pro-
duction costs to CO2 fertilization (ﬁgure 3, table S4) as
well as to incomplete (i.e. 50%) LPS transitions, up to
the year 2045 (table 3). The uncertainty in the effec-
tiveness of CO2 fertilization on agricultural yields
heavily impacts on global and regional production
costs. In most regions, the full CO2 effect turns cost
increases into cost decreases. Substantial cost increases
in LAM andMEA in the ‘shift_to_rangeland’ scenario
are considerably reduced. Incomplete transitions in
LPS already have a relatively strong adaptive and cost
reducing effect: a 50% shift to mixed systems lowers
global adaptation costs from 3% of total agricultural
production costs to 0.8%. Especially in more severely
Figure 2.Changes in (a) cropland, (b) rangeland, and (c) intact forest by region (colored bars showdifferences between 2045 and 2005
inmillion ha for the IAASTD climate scenario; error bars showminimumandmaximumchange from sensitivity analysis with ﬁve
additional climatemodel inputs (dark red dashed lines with circles indicatingminimum (hollow) andmaximum (solid) values for
scenarios without CO2 effect and dark green solid lineswith diamonds for scenarios with full CO2 effect); gray squares show results for
the IAASTD climate scenariowith full CO2 effect).
6
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
affected regions like MEA, SAS and LAM (16%, 9%,
and 5% increase in production costs), incomplete
transitions in LPS substantially buffer detrimental
impacts of climate change on agriculture: resulting
changes in production costs relative to the baseline
amount to 3% in MEA, −3% in SAS and −1%
in LAM.
Acknowledging the uncertainty related to the
choice of crop growthmodel, we compare agricultural
adaptation costs based on the LPJmL-MAgPIEmodel-
ing suite to MAgPIE simulations which use crop yield
simulations from EPIC and pDSSAT under evolving
climate conditions according to the SRES A2 socio-
economic scenario (SI appendix, table S4). Similar to
uncertainties related to climate projections, variations
across different GGCMs aremore distinct at the regio-
nal than at the global level (SI appendix, ﬁgure S16).
Especially in FSU, LAM, NAM and PAO, differences
related to crop growth models dominate overall
uncertainty in results, but general responses with
regard to LPS transitions are robust, i.e. declining pro-
duction costs associatedwith a shift towards rangeland
based livestock production in FSU andNAM as well as
with a shift towards mixed systems in LAM (and also
in PAO for all but one simulation based on pDSSAT).
Similar patterns andmagnitude of effects across differ-
ent GCMs and GGCMs are simulated for CPA, EUR
and SAS. InMEA, general patterns with respect to LPS
scenarios are preserved, but the magnitude of climate
change impacts is generally lower for EPIC and both
pDSSAT scenarios compared to LPJmL simulations.
In AFR, production costs respond differently to LPS
transitions under EPIC and pDSSAT crop yield pro-
jections, suggesting that also rangeland based LPS
could buffer detrimental impacts on crop production.
Results based on the two models simulating crop
yields both with and without CO2 effect (LPJmL and
pDSSAT) show a good concordance with regard to
overall adaptation costs at the global level excluding
CO2 fertilization (3% and 5% respectively) as well to
the beneﬁcial effects of elevated CO2 concentrations
(−6%and−3%).
4.Discussion and conclusion
A growing body of literature is exploring climate
impacts on livestock (Seo and Mendelsohn 2008,
Thornton et al 2009, Nardone et al 2010, Thornton
and Gerber 2010, Gaughan 2012, Ghahramani and
Moore 2013, Godber and Wall 2014) and rangeland
productivity (Hopkins and Del Prado 2007, Tubiello
et al 2007b, Morgan et al 2008). However, global
assessments of climate change impacts on agriculture
and possible adaptation options still largely disregard
the livestock sector (Leclère et al 2014, Nelson
et al 2014a, 2014b), thus neglecting its pivotal and
potentially adaptive role within the whole agricultural
system—with the noticeable exception of Havlík et al
(2015).We add to the literature an integrated, process-
based analysis of biophysical climate impacts and
livestock-speciﬁc adaptation options, and a ﬁrst quan-
tiﬁcation of how transitions in LPS can reduce regional
and global agricultural adaptation costs. Our study’s
Figure 3.Changes in total agricultural production costs by region (colored bars showpercent change to baseline in 2045 for the
IAASTD climate scenario; error bars showminimumandmaximumchange from sensitivity analysis with ﬁve additional climate
model inputs (dark red dashed lineswith circles indicatingminimum (hollow) andmaximum (solid) values for scenarios without CO2
effect and dark green solid lines with diamonds for scenarios with full CO2 effect); gray squares show results for the IAASTD climate
scenario with full CO2 effect).
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entry point into the complex livestock-climate-nexus
is the importance of strategic feed sourcing in the light
of the changing availability of resources due to climate
change.
Based on a comprehensive impact modeling
chain, we trace implications of different climate pro-
jections through the agricultural systems, starting with
impacts on crop yields and rangeland productivity.
Simulations indicate signiﬁcant negative impacts on
crop yields in several regions, i.e. AFR, NAM and SAS.
Strongest positive climate impacts on livestock feed
production occur in CPA, where most crops as well as
rangeland experience an increase in productivity. The
LPJmLmodel is capable of reproducing national yields
as reported by the FAO (Fader et al 2010) and simu-
lated climate impacts on agricultural productivity are
well within the range of other estimates (Müller
et al 2011,Müller and Robertson 2014). For wheat, our
results (−6.9% to−3.8%) compare well with the study
by Nelson et al (2010) which projects changes in rain-
fed wheat yields from −10% to −4%. For maize, we
estimate average global yield changes of −9.3% to
+3.5%, while their results indicate a reduction from
−12% to−2%.
Amajor uncertainty is the effectiveness of CO2 fer-
tilization, i.e. the stimulation of photosynthesis in C3
crops (e.g. wheat, rice, soy) and C3 grasses, and
reduced water requirements of all crops and grasses. A
strong positive effect of elevated CO2 levels is simu-
lated for rangeland productivity (+14% compared to
−2.3% with constant CO2 levels). In ecosystem-based
experiments, grassland production increased on aver-
age by +17% due to the stimulatory effect of double
ambient CO2, with higher responses in moisture-lim-
ited and warm-season grassland systems (Campbell
and Stafford Smith 2000). The size of the CO2 fertiliza-
tion effect on crop yields attainable in the ﬁeld is still
subject to debate (Long et al 2006, Tubiello et al 2007a,
Ziska and Bunce 2007), owing to many complex and
interrelated plant processes and depending on water
and nutrient availability. Experiments across plant
types, climatic zones, and production systems illus-
trate the large variability of plant physiological and
growth responses to elevatedCO2 (Wang et al 2012).
Results derived within the Inter-Sectoral Impacts
Model Intercomparison Project (ISI-MIP) highlight
both the importance and uncertainty of CO2 fertiliza-
tion for simulating climate impacts on agriculture and
the critical role of model parametrization to under-
stand differences in simulated responses to elevated
CO2 (Rosenzweig et al 2013). Moreover, studies based
on ensemble crop modeling demonstrated the large
uncertainty stemming from different modeling
approaches and the representation and parametriza-
tion of important bio-chemical processes (Asseng
et al 2013, Rosenzweig et al 2013, Bassu et al 2014).
Crop yield projections under evolving climate condi-
tions simulated by LPJmL (one of the GGCMs inclu-
ded in ISI-MIP) lie well within the range of ensemble
uncertainty. The CO2 effect as implemented in LPJmL
is relatively strong, but within a plausible physiological
range.
But even results without CO2 fertilization could be
too optimistic: LPJmL currently does not account for
various co-limitations (e.g. nutrient limitations,
imperfect management, pests and diseases) and
extreme events like prolonged droughts or heavy rain-
storms. Even though aggregate climate impacts are
relatively small by 2045, extreme events could have
severe impacts even earlier (Diffenbaugh and
Scherer 2011). Moreover, we do neither account for
shifts in livestock disease distribution and severity due
to climate change (Thornton and Gerber 2010, Perry
et al 2013, Godber and Wall 2014) nor for direct
impacts of rising temperatures and extreme weather
events on animals, impairing production (meat, milk
and egg yield and quality) and reproductive perfor-
mance as well as animal health and welfare (Thornton
et al 2009, Nardone et al 2010, Lara and
Rostagno 2013).
To reveal the full adaptive potential being inherent
in the heterogeneity of regional feeding efﬁciencies
and feed basket compositions across systems, we apply
LPS transition scenarios with full system convergence
until 2045. In all regions except PAS (and also PAO for
one simulation based on pDSSAT), at least one LPS
scenario offers the potential to alleviate climate change
related costs, independent of the choice of climate or
crop model, and thus represents a cost-effective and
low-risk adaptation option. Responses of production
costs with regard to LPS transitions are generally
robust across different GGCMs used in this study,
except in AFR where simulations based on EPIC and
pDSSAT indicate that also rangeland based livestock
production could buffer detrimental climate impacts
on agriculture.
Table 3. Impact of full convergence of LPS (100) versus half convergence of LPS (50) on agricultural production costs for the IAASTD
climate scenario (changes in agricultural production costs (%) in 2045 relative to the reference scenario in 2045; noCO2 effect, see table 1 for
regional acronyms).
Scenarios World AFR CPA EUR FSU LAM MEA NAM PAO PAS SAS
Shift_to_rangeland
100 13.8 4.3 14.7 −3.7 −3.4 38.6 83.7 −5.3 9.6 11.2 −11.2
50 7.7 2.3 3.4 −1.7 −3.5 25.0 41.9 −1.8 6.5 7.1 −2.6
Shift_to_mixed
100 0.3 0.2 −8.5 −2.7 3.4 −7.8 −2.2 4.8 1.1 20.0 13.5
50 0.8 0.1 −7.4 −2.3 1.7 −1.2 2.7 3.7 4.6 12.1 11.3
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In many regions (i.e. CPA, LAM, MEA and PAO),
mixed livestock systems are more efﬁcient than range-
land-based systems in converting feed to food, while
providing a range of additional beneﬁts (Herrero
et al 2009). Globally, shifts in LPS towardsmixed crop-
livestock systems can reduce agricultural adaptation
costs from 3% to 0.3% of total production costs and
simultaneously reduce tropical deforestation by about
76 million ha. Moreover, an integration of livestock
and crop production is likely to be more resilient to
climate extremes due to greater system and income
diversity. A transition from agro-pastoral to mixed
systems is already occurring for various reasons. In
regions with strong population growth, farm sizes
tend to decrease, and, without sufﬁcient fallow periods
or appropriate crop rotations, soil fertility and even-
tually farm productivity decline over time. Here, the
role of livestock for provision of manure, nutrient
recycling and additional farm income is essential. Ris-
ing opportunity costs of labor also prompt systems to
evolve towards higher value products and stronger
integration of agricultural activities (Herrero
et al 2014). A better integration of crop and livestock
production is an important target for sustainable
intensiﬁcation and growth with few externalities and
many co-beneﬁts (Russelle et al 2007, Herrero
et al 2009, 2010b).
Our results indicate that in some regions, grazing
systems are well suited to buffer negative climate
impacts, e.g. in EUR, FSU, NAMand especially in SAS.
Here, further increases in production of concentrate
feeds, especially with increasing levels of irrigation,
will be challenging in view of declining groundwater
tables and soil fertility as well as biodiversity losses
(Herrero et al 2010a, 2009). Thus, a shift towards ran-
geland based systems is clearly favored in SAS, leading
to a cost reduction of 11.2% compared with the base-
line, while substantial cost increases of 13.5% go along
with a transformation tomixed livestock systems. Pro-
jecting autonomous shifts in LPS in response to cli-
mate change impacts on feed crops and rangeland,
Havlík et al (2015) also show that the relatively more
optimistic impacts of climate change on grass yields
compared with crop yields favor grazing systems in
some regions, inter alia in SAS.
Globally, more than 1 billion ha of rangeland are
biophysically suitable for cropping, especially in AFR,
FSU and NAM (Erb et al 2007, van Velthuizen
et al 2007). In our scenarios, between 61 and 78 mil-
lion ha of rangeland in AFR are converted into crop-
land by 2045. This is well below the potential of about
400 million ha, estimated by the World Bank (Morris
et al 2009). Rangeland-based systems also entail var-
ious co-beneﬁts. In areas where rain-fed cropping
becomes economically infeasible due to rising tem-
peratures or declining precipitation, rangeland-based
production could be a more drought-resilient option
for sustaining agricultural production and rural
income (Jones and Thornton 2009). However, this
requires appropriate livestock densities and timing
over the year to avoid rangeland degradation. Well-
managed rangelands may also support high levels of
biodiversity and can sequester substantial quantities of
carbon (Conant and Paustian 2002, Alkemade
et al 2013, Soussana and Lemaire 2014).
Due to strong interdependencies between climate
change adaptation and mitigation in agriculture and
especially in the livestock sector, potential adaptation
measures have to be assessed with regard to associated
GHG emissions. The ‘shift_to_rangeland’ scenario in
our analysis incurs, due to lower average feed-use efﬁ-
ciency, a strong increase in tropical deforestation with
potentially high additional CO2 emissions. This ﬁnd-
ing is consistent with results reported by Havlík et al
(2014). In the ‘shift_to_mixed’ scenario, rangeland is
converted into cropland, which would also potentially
cause additional emissions, as rangelands contain
higher levels of soil carbon (Lal 2002). Further
research should deepen our understanding of co-ben-
eﬁts between mitigation and adaptation measures in
the livestock sector.
In conclusion, we show that the global costs of cli-
mate change adaptation in agriculture amount to
about 145 billion US$ in 2045 (about 3% of total pro-
duction costs), which is an order of magnitude higher
than the previously estimated annual agricultural pro-
ductivity investments of 7.1–7.3 billion US$ required
to increase calorie consumption enough to offset the
detrimental impacts of climate change on the health
andwell-being of children (Nelson et al 2009).We also
show that transitions in LPS can substantially reduce
agricultural production costs and the demand for pro-
ductivity increases in crop production, independent
from the climate change scenario.
While public policy is often focussed on improv-
ing the climate resilience of crop production, our
results emphasize that the livestock sector could sig-
niﬁcantly contribute to a climate-smart agriculture. As
the uncertainty analysis in this paper illustrates, public
support for agricultural R&Dhas to target a potentially
wide range of future climate outcomes. In the face of
these uncertainties, changes in the way livestock are
reared represent an effective lever to improve agri-
cultural resource management and economic out-
come as well as a low risk adaptation measure with
various co-beneﬁts, possibly even contributing to
emission reduction. If the right incentives are pro-
vided, a shift tomixed systems can reduce pressures on
tropical forests from agriculture, increase market-
orientated production, and improve rural livelihoods,
especially in Africa and the Middle East, Latin Amer-
ica, and East Asia. Production standards, certiﬁcation
and taxation schemes targeting climate mitigation,
together with agricultural R&D, planning regulations
and infrastructure development aimed at climate-
prooﬁng agriculture, should be reconciled to allow
livestock production to respond to both mitigation
and adaptation imperatives.
9
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
Acknowledgments
We thank two anonymous reviewers for their valuable
comments. The research leading to these results has
received funding from the European Union’s Seventh
Framework Program under grant agreement no.
265104 (VOLANTE) and no. 603542 (LUC4C). Addi-
tional funding from the BMBF in the EU-Joint
Programming Initiative: Agriculture, Food Security
andClimateChange (MACSUR) is gratefully acknowl-
edged. Work of PH was supported by the European
Union’s Seventh Framework Program under grant
agreement no. 266018 (ANIMALCHANGE). MH
acknowledges ﬁnancial support from the CGIAR
Climate Change, Agriculture and Food Security
Programme.
References
Alkemade R, Reid R S, van den BergM, Leeuw J and de, JeukenM
2013Assessing the impacts of livestock production on
biodiversity in rangeland ecosystems Proc. Natl Acad. Sci.
USA 110 20900–5
Asseng S et al 2013Uncertainty in simulatingwheat yields under
climate changeNat. Clim. Change 3 827–32
Bassu S et al 2014Howdo variousmaize cropmodels vary in their
responses to climate change factors?Glob. Change Biol. 20
2301–20
Bodirsky B L et al 2014Reactive nitrogen requirements to feed the
world in 2050 and potential tomitigate nitrogen pollution
Nat. Commun. 5 3858
Bodirsky B L, PoppA,Weindl I, Dietrich J P, Rolinski S, Scheiffele L,
Schmitz C and Lotze-CampenH2012N2O emissions from
the global agricultural nitrogen cycle—current state and
future scenariosBiogeosciences 9 4169–97
BondeauA et al 2007Modelling the role of agriculture for the 20th
century global terrestrial carbon balanceGlob. Change Biol.
13 679–706
BouwmanAF,KramT andKleinGoldewijk K 2006 Intergrated
Modelling of Global Environmenthal Change: AnOverview of
IMAGE 2.4 Netherlands Environmental Assessment Agency,
Bilthoven, TheNetherlands
Bouwman L,Goldewijk KK,HoekKWVD, Beusen AHW,
VuurenDPV,Willems J, RuﬁnoMCand Stehfest E 2013
Exploring global changes in nitrogen and phosphorus cycles
in agriculture induced by livestock production over the
1900–2050 period Proc. Natl Acad. Sci. USA 110 20882–7
Campbell BD and Stafford SmithDM2000A synthesis of recent
global change research on pasture and rangeland production:
reduced uncertainties and theirmanagement implications
Agric. Ecosyst. Environ. 82 39–55
CohnA S,Mosnier A,Havlík P, ValinH,HerreroM, Schmid E,
O’HareMandObersteinerM2014Cattle ranching
intensiﬁcation in Brazil can reduce global greenhouse gas
emissions by sparing land fromdeforestation Proc. Natl Acad.
Sci. USA 111 7236–41
CollatzG, Ribas-CarboMandBerry J 1992Coupled
photosynthesis-stomatal conductancemodel for leaves of C4
plants Funct. Plant Biol. 19 519–38
CollinsWD et al 2006The community climate systemmodel
version 3 (CCSM3) J. Clim. 19 2122–43
Conant RT and PaustianK 2002 Potential soil carbon sequestration
in overgrazed grassland ecosystemsGlob. Biogeochem. Cycles
16 1143
Cox PM, Betts RA, BuntonCB, Essery R LH, Rowntree PR and
Smith J 1999The impact of new land surface physics on the
GCMsimulation of climate and climate sensitivityClim.Dyn.
15 183–203
DelworthT L et al 2006GFDL’s CM2 global coupled climate
models. Part I: formulation and simulation characteristics
J. Clim. 19 643–74
DiffenbaughN S and SchererM 2011Observational andmodel
evidence of global emergence of permanent,
unprecedented heat in the 20th and 21st centuriesClim.
Change 107 615–24
ErbK-H,GaubeV, Krausmann F, Plutzar C, BondeauA and
HaberlH 2007A comprehensive global 5 min resolution
land-use data set for the year 2000 consistent with national
census data J. LandUse Sci. 2 191–224
FaderM, Rost S,Müller C, BondeauA andGertenD 2010Virtual
water content of temperature cereals andmaize: present and
potential future patterns J. Hydrol. 384 218–31
FarquharGD, Caemmerer S and von, Berry J A 1980A biochemical
model of photosynthetic CO2 assimilation in leaves of C3
speciesPlanta 149 78–90
Gaughan J B 2012 Basic principles involved in adaption of livestock
to climate change Environmental Stress andAmelioration in
Livestock Production edV Sejian, SMKNaqvi, T Ezeji,
J Lakritz andRLal (Berlin: Springer)pp 245–61
Ghahramani A andMoore AD2013Climate change and broadacre
livestock production across southernAustralia :II.
Adaptation options via grasslandmanagementCrop Pasture
Sci. 64 615–30
GodberOF andWall R 2014 Livestock and food security:
vulnerability to population growth and climate changeGlob.
Change Biol. 20 3092–102
Havlík P, LeclèreD, ValinH,HerreroM, Schmid E, Soussana J-F,
Müller C andObersteinerM2015Global climate change,
food supply and livestock production systems: a bioeconomic
analysisClimate Change and Food Systems: Global Assessments
and Implications for Food Security andTrade edAElbehri
(Rome, Italy: FoodAgricultureOrganization of theUnited
Nations (FAO))
Havlík P et al 2014Climate changemitigation through livestock
system transitions Proc. Natl Acad. Sci. USA 111 3709–14
Havlík P, ValinH,Mosnier A,ObersteinerM, Baker J S,HerreroM,
RuﬁnoMCand Schmid E 2013Crop productivity and the
global livestock sector: implications for land use change and
greenhouse gas emissionsAm. J. Agric. Econ. 95 442–8
HerreroM,Havlík P, ValinH,Notenbaert A, RuﬁnoMC,
Thornton PK, BlümmelM,Weiss F, GraceD and
ObersteinerM2013 Biomass use, production, feed
efﬁciencies, and greenhouse gas emissions fromglobal
livestock systemsProc. Natl Acad. Sci. USA 110 20888–93
HerreroMandThornton PK 2013 Livestock and global change:
emerging issues for sustainable food systems Proc. Natl Acad.
Sci. USA 110 20878–81
HerreroM et al 2014 Exploring future changes in smallholder
farming systems by linking socio-economic scenarios with
regional and householdmodelsGlob. Environ. Change 24
165–82
HerreroM,Thornton PK,Gerber P andReid R S 2009 Livestock,
livelihoods and the environment: understanding the trade-
offsCurr. Opin. Environ. Sustain. 1 111–20
HerreroM,Thornton PK,Notenbaert A,Msangi S,Wood S,
Kruska R,Dixon J, BossioD, Steeg J and FreemanHA2010a
Drivers of change in crop-livestock systems and their
potential impacts on agro-ecosystems services and human
well-being to 2030CGIAR Systemwide Livestock Programme
HerreroM et al 2010b Smart investments in sustainable food
production: revisitingmixed crop-livestock systems Science
327 822–5
Hopkins A andDel PradoA 2007 Implications of climate change for
grassland in Europe: impacts, adaptations andmitigation
options: a reviewGrass Forage Sci. 62 118–26
Izaurralde RC,Williams J R,McGillWB, RosenbergN J and
JakasMCQ2006 Simulating soil C dynamics with EPIC:
model description and testing against long-termdataEcol.
Model. 192 362–84
Jones JW,HoogenboomG, Porter CH, Boote K J, BatchelorWD,
Hunt LA,Wilkens PW, SinghU,GijsmanA J andRitchie J T
10
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
2003TheDSSAT cropping systemmodelEur. J. Agron. 18
235–65
Jones PG andThornton PK 2009Croppers to livestock keepers:
livelihood transitions to 2050 inAfrica due to climate change
Environ. Sci. Policy 12 427–37 Special Issue: Food Security
and Environmental Change Food Security and
Environmental Change: Linking Science, Development and
Policy for Adaptation
Jungclaus JH, KeenlysideN, BotzetM,HaakH, Luo J J, LatifM,
Marotzke J,MikolajewiczU andRoeckner E 2006Ocean
circulation and tropical variability in the coupledmodel
ECHAM5/MPI-OM J. Clim. 19 3952–72
KrauseM, Lotze-CampenH, PoppA,Dietrich J P andBonschM
2013Conservation of undisturbed natural forests and
economic impacts on agriculture LandUse Policy 30 344–54
Krausmann F, ErbK-H,Gingrich S, LaukC andHaberl H 2008
Global patterns of socioeconomic biomassﬂows in the year
2000: a comprehensive assessment of supply, consumption
and constraintsEcol. Econ. 65 471–87
Lal R 2002 Soil carbon dynamics in cropland and rangeland Environ.
Pollut. 116 353–62
Lara L J andRostagnoMH2013 Impact of heat stress on poultry
productionAnimals 3 356–69
LeclèreD,Havlík P, Fuss S, Schmid E,Mosnier A,Walsh B, ValinH,
HerreroM,KhabarovN andObersteinerM2014Climate
change induced transformations of agricultural systems:
insights from a globalmodel Environ. Res. Lett. 9 124018
Long S P, Ainsworth EA, Leakey ADB,Nösberger J andOrtDR
2006 Food for thought: lower-than-expected crop yield
stimulationwith rising CO2 concentrations Science 312
1918–21
Lotze-CampenH,Müller C, BondeauA, Rost S, PoppA and
LuchtW2008Global food demand, productivity growth, and
the scarcity of land andwater resources: a spatially explicit
mathematical programming approachAgric. Econ. 39 325–38
McIntyre BD,HerrenHR,Wakhungu J andWatsonRT (ed) 2009
Agriculture at a crossroads International Assessment of
Agricultural Knowledge, Science andTechnology for
Development (IAASTD): Global Report (WashingtonDC:
Island Press)
MekonnenMMandHoekstra AY 2010TheGreen, Blue andGrey
Water Footprint of FarmAnimals and Animal Products
UNESCO-IHE,Delft, theNetherlands
Min SK, Legutke S,Hense A andKwonWT2005 Internal
variability in a 1000-yr control simulationwith the coupled
climatemodel ECHO-G—I. Near-surface temperature,
precipitation andmean sea level pressureTellus Ser.—Dyn.
Meteorol. Oceanogr 57 605–21
Morgan J A,Derner JD,MilchunasDGand Pendall E 2008
Management implications of global change for great plains
rangelandsRangelands 30 18–22
MorrisM, BinswangerH, ByerleeD, Savanti P and Staatz J 2009
Awakening Africa’s SleepingGiant : Prospects for Commercial
Agriculture in the Guinea Savannah Zone andBeyond (No.
49046)TheWorld Bank
Müller C, CramerW,HareWL and Lotze-CampenH2011Climate
change risks for African agriculture Proc. Natl Acad. Sci. 108
4313–5
Müller C andRobertson RD2014 Projecting future crop
productivity for global economicmodelingAgric. Econ. 45
37–50
NakicenovicN and Swart R (ed) 2000 IPCCSpecial Report on
Emission Scenarios (Cambridge, UK:CambridgeUniversity
Press)
NarayananB andWalmsley T 2008Global Trade, Assistance, and
Production: TheGTAP 7Data Base Center for Global Trade
Analysis, PurdueUniversity
NardoneA, Ronchi B, LaceteraN, RanieriMS andBernabucci U
2010 Effects of climate changes on animal production and
sustainability of livestock systems Livest. Sci. 130 57–69
NelsonGC et al 2009Climate Change: Impact on Agriculture and
Costs of Adaptation International Food Policy Research
Institute
NelsonGC et al 2010 Food Security, Farming, andClimate Change to
2050: Scenarios, Results, PolicyOptions International Food
Policy Research Institute
NelsonGC et al 2014aClimate change effects on agriculture:
economic responses to biophysical shocks Proc. Natl Acad.
Sci. 111 3274–9
NelsonGC et al 2014bAgriculture and climate change in global
scenarios: why don’t themodels agreeAgric. Econ. 45 85–101
PedenD et al 2007Water and livestock for human development
Water for Food,Water for Life: AComprehensive Assessment of
WaterManagement in Agriculture edDMolden (Oxford:
OxfordUniversity Press) pp 485–514
Perry BD,GraceD and SonesK 2013Current drivers and future
directions of global livestock disease dynamics Proc. Natl
Acad. Sci. 110 20871–7
PoppA et al 2014 Land-use protection for climate changemitigation
Nat. Clim. Change 4 1095–8
PoppA, Lotze-CampenH andBodirsky B 2010 Food consumption,
diet shifts and associated non-CO2 greenhouse gases from
agricultural productionGlob. Environ. Change 20 451–62
GovernanceComplexity Resilience
RobinsonT et al 2011Global Livestock Production Systems (Rome,
Italy: FoodAgricultureOrganization)
RosegrantMW,Cai X andCline S A 2002WorldWater and Food to
2025: Dealing with Scarcity International Food Policy
Research Institute
Rosenzweig C et al 2013Assessing agricultural risks of climate
change in the 21st century in a global gridded cropmodel
intercomparison Proc. Natl Acad. Sci. USA 111 3268–73
Rost S, GertenD, BondeauA, LuchtW, Rohwer J and Schaphoff S
2008Agricultural green and bluewater consumption and its
inﬂuence on the global water systemWater Resour. Res. 44
W09405
RusselleMP, EntzMHand Franzluebbers A J 2007Reconsidering
integrated crop–livestock systems inNorth AmericaAgron. J.
99 325
SchlenkerWand Lobell DB 2010Robust negative impacts of
climate change onAfrican agricultureEnviron. Res. Lett. 5
014010
Seo SN andMendelsohnR 2008Measuring impacts and
adaptations to climate change: a structural Ricardianmodel
of African livestockmanagement1Agric. Econ. 38 151–65
Sitch S et al 2003 Evaluation of ecosystem dynamics, plant
geography and terrestrial carbon cycling in the LPJ dynamic
global vegetationmodelGlob. Change Biol. 9 161–85
Smith P et al 2013Howmuch land-based greenhouse gasmitigation
can be achievedwithout compromising food security and
environmental goals?Glob. Change Biol. 19 2285–302
Soussana J-F and Lemaire G 2014Coupling carbon and nitrogen
cycles for environmentally sustainable intensiﬁcation of
grasslands and crop-livestock systemsAgric. Ecosyst. Environ.
190 9–17 IntegratedCrop-Livestock System Impacts on
Environmental Processes
Stehfest E, Bouwman L, vanVuurenDP, ElzenMG J,
den, Eickhout B andKabat P 2009Climate beneﬁts of
changing dietClim. Change 95 83–102
SteinfeldH,Gerber P,Wassenaar T, Castel V, RosalesM and
HaanCD2006 Livestock’s Long Shadow: Environmental Issues
andOptions (Rome: Food andAgricultureOrganization of
theUnitedNations (FAO))
Thornton PK andGerber P J 2010Climate change and the growth
of the livestock sector in developing countriesMitig. Adapt.
Strateg. Glob. Change 15 169–84
Thornton PK andHerreroM2010 Potential for reducedmethane
and carbon dioxide emissions from livestock and pasture
management in the tropicsProc. Natl Acad. Sci. USA 107
19667–72
Thornton PK, van de Steeg J, Notenbaert A andHerreroM2009
The impacts of climate change on livestock and livestock
systems in developing countries: a review ofwhat we know
andwhatwe need to knowAgric. Syst. 101 113–27
Tubiello FN, Amthor J S, Boote K J,DonatelliM, EasterlingW,
FischerG, Gifford RM,HowdenM, Reilly J and
11
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
Rosenzweig C 2007aCrop response to elevatedCO2 and
world food supply: a comment on ‘Food for thoughtK’ by
Long et al 2006 Science 312 1918–21Eur. J. Agron. 26 215–23
Tubiello FN, Soussana J-F andHowden SM2007bCrop and
pasture response to climate change Proc. Natl Acad. Sci. USA
104 19686–90
ValinH,Havlík P,Mosnier A,HerreroM, Schmid E and
ObersteinerM2013Agricultural productivity and
greenhouse gas emissions: trade-offs or synergies between
mitigation and food security? Environ. Res. Lett. 8 035019
vanVelthuizenH et al 2007Mapping Biophysical Factors that
Inﬂuence Agricultural Production and Rural Vulnerability
(Environment andNatural Resources Series) (Rome,
Italy: FAO)
vanVuurenDP, ElzenMG J, den, Lucas P L, Eickhout B,
Strengers B J, van Ruijven B,Wonink S and vanHoudt R 2007
Stabilizing greenhouse gas concentrations at low levels: an
assessment of reduction strategies and costsClim. Change 81
119–59
WahaK, van Bussel LG J,Müller C andBondeauA2012Climate-
driven simulation of global crop sowing datesGlob. Ecol.
Biogeogr. 21 247–59
WangD,Heckathorn SA,WangX and Philpott SM2012Ameta-
analysis of plant physiological and growth responses to
temperature and elevatedCO2Oecologia 169 1–13
WesthoekH, RoodT, BergM, Janse J, NijdamD,ReudinkM,
Stehfest E, Lesschen J P,OenemaO andWoltjerGB 2011The
Protein Puzzle: the Consumption and Production ofMeat,
Dairy and Fish in the EuropeanUnion PBPBLNetherlands
Environmental Assessment Agency, TheHague
White JW,HoogenboomG,Kimball B A andWall GW2011
Methodologies for simulating impacts of climate change on
crop production Field Crops Res. 124 357–68
Williams J R 1995The EPICmodelComputerModels ofWatershed
Hydrology edVP Singh (Colorado:Water Resources)
pp 909–1000
Ziska LHandBunce JA2007Predicting the impact of changingCO2
on cropyields: some thoughts on foodNewPhytol.175607–18
12
Environ. Res. Lett. 10 (2015) 094021 IWeindl et al
